risk for significant negative impacts by wind turbines, we must give serious attention to how we can design wind farms so as to minimize their negative environmental impacts. Here we discuss aspects of wind farm design that should be considered as routine procedures inherent in plans to establish a wind farm and to improve management of existing facilities. In doing this, serious attention needs to be directed to the unique nature of each potential site and its local bat fauna. We divide these considerations into biological and technological aspects. Of course, attention to bat mortality needs to be integrated with concerns for improving energy production efficiency and reducing bird fatalities as well (Hutchins 2014) . Wind farms have been recorded to have a strong effect on mortality of birds (Erickson et al. 2014; American Wind Wildlife Institute 2015) .
Biological Aspects of Wind Farm Management
Of primary importance, whenever and wherever a site is being considered for wind farm development, it is essential to make an accurate inventory of the bat species found in the area. For each species, its food niche must be determined. This information provides not only its main type of food, but also its foraging and flight behaviors (Giannini and Kalko 2004) . Bat feeding guilds include insectivory (actually arthropodivory), nectar-feeding, fish-eating, fruit eating, frog-eating, and sanguivory (Wilson 1973) . Various combinations are also possible. Information on the feeding guilds is critical, because such data can inform planners about the height that particular species habitually forage. Foraging below the heights of the turbine blades or above them can reduce risk of blade collisions. Moreover, if bats forage within dense foliage or high above the upper edge of the vegetation, they will probably reduce their exposure to being struck by the blades. Among the various feeding guilds, it is the insectivores that seem generally to be at greatest risk, although relatively little is known about risks for tropical species. It is estimated that worldwide about 75 % of species and 50 % of the genera of bats have diets based exclusively or largely on arthropods (Hutson and Mickleburgh 2001) . Even among insectivores, however, foraging styles are diverse. Some species capture insects from the ground or low-lying plants or over open fields. Others feed within low lying foliage or high above the tree canopy. These behaviors may reduce vulnerability to wind turbine blades. On the other hand, feeding in and around tree canopies is considered to increase vulnerability to blade impacts, because of similar heights of tree canopies and turbine blades. There is also evidence that some bats are actually attracted to turning blades, mainly on nights with bright moon illumination (Baerwald and Barclay 2011; Cryan et al. 2014) . In such cases, risk can be reduced by discovering how to make turning blades less attractive. Another factor that needs to be assessed is the complexity of the habitat where bats forage (Denzinger and Schnitzler 2013) . Is the vegetation continuous or are there patches of different vegetation types generating associated edges? These factors are strongly suspected to be important in judging bat vulnerabilities.
Bat mortality has also been shown to vary considerably in relation to the land use in the vicinity of the wind farm facility. For example, Rydell et al. (2010) report that annual per turbine kill rates in northwestern Europe were lowest on flat open farmland, higher in more complex agriculture, and highest at the coast and in forests. Site assessment must also recognize that most species of bats fly daily between roost and foraging locations. Roosts may be caves, fissures in rocks or cliffs, abandoned mine shafts, hollow tree cavities, or within foliage in tree canopies. In tropical regions, roosts may be shelters made by space under loose bark, by partially severing a leaf blade to make a "tent", or even by hiding in pitcher plants (Nepenthes; Schöner and Schöner 2012) . Such daily travels may be 40 or more km each way (Fleming 2001) . Travel routes may follow ridge tops, vegetation edges, or water courses. Much more information on this aspect of bat behavior is badly needed. Nevertheless, wind farm planning should be aware of the potential causes of collisions with blades. Sometimes, single shelters are used by thousands of bats (Vargas-Contreras et al. 2012) . Travel to foraging locations from such sites is often in groups (Fleming 2001) , which might increase the Table 1 . Projections of the cumulative changes in a) the global increase in wind power capacity from 2012 to 2030, b) corresponding increases in the share of wind power in overall electricity demand, and c) the corresponding reduction in CO2 emissions (GWSC 2011) . Low, Moderate and High refer to three scenarios of world electricity demand and wind power growth up to the year 2030.
probability of large numbers being impacted. However, currently available data, mostly from nontropical areas, suggest that solitary species are most often killed (Arnett et al. 2009; Rydell et al. 2010) .
Two other landscape elements that need to be assessed in planning for wind farms are the proximity to agricultural crops and water bodies. These are usually associated with large numbers of insects and are attractive places for bats for foraging and drinking. It is recommended that these features be evaluated in planning potential sites. Limited information currently available indicates that adjacent crop fields are not associated with high bat mortality (Rydell et al. 2010) . Of course such generalized risks may be impossible to avoid completely. It seems likely that future research will show that bat fatality rates will depend on the proximity of turbines to travel routes, agricultural fields, and water bodies, but that there will be much variation in these impacts.
Bat mortality rates can also vary seasonally and regionally. Such data would enable speciesspecific and locally relevant mitigation measures to be included in wind farm planning. Available data from temperate climates suggest that highest mortality rates occur in late summer (Trapp et al. 2002; Kerns and Kerlinger 2004; Arnett et al. 2009) , and mainly impact tree roosting bat species (Cryan et al. 2014) . These species of bats may be attracted to wind turbines (Cryan and Barclay 2009), or perhaps simply do not avoid them because they are aerial foragers in uncluttered forest areas (Schnitzler and Kalko 2001) and may not be able to discriminate wind turbines from trees (Kunz et al. 2007 ). However, unlike for birds, this kind of behavioral data is often unknown for bats. In many cases, we do not even know if a particular species is migratory or not.
Although currently available information allows us to make better predictions about bat feeding and movement behaviors in some well-studied species, such data are scarce or absent for most species likely to be vulnerable (mainly insectivores) to wind turbine blades. Much new research is urgently needed, especially for species most likely to be impacted.
Over all, the biological aspects of wind farm-bat interactions are badly in need of additional research. We know enough, however, to realize that the problem is too serious to be ignored. For some regions, we have sufficient understanding for initial management planning, but in general it is time to be proactive in pursuing the basic research in bat natural history that will clearly be needed. 
Technological aspects of Wind Farm Management
In addition to the various aspects of bat species life histories, there are many technological issues that need to be addressed in siting wind farms and in attempting to reduce the mortality of bats that can be otherwise anticipated. One issue is to determine the anticipated wind speeds at various heights and compare them with bat flight activity. Wind speeds will affect the foraging efficiency of bats as well as the energy demands of flying. It may also influence the activity and hence the availability of prey. Wind speed may also influence the height that various prey species are using, and this in turn might make them more or less available to foraging bats. In a Pennsylvania wind farm, bat mortality was reduced when minimum operational wind speeds (the wind speed below which blade rotation is stopped, or "cut-in speed") were set at 5.0 m s -1 or higher (Arnett et al. 2011 ).
An additional unanticipated threat to bats has been suggested by Kunz et al. (2007) and Grodsky et al. (2011) . These authors claim that injuries to bats can occur from low pressure vortices at the tips of spinning blades. This "barotrauma" can reportedly cause lung and inner ear damage resulting in delayed mortality. This would also likely be disorienting to the bats, increasing the likelihood of collisions with the blades. Grodsky et al. (2011) autopsied bats killed by windmills and found evidence of barotrauma or direct collision, and in fact reported that 50 % of all the bats autopsied had significant damage to their inner ears. However, Rollins et al. (2012) report that specimens with ruptured ear drums (evidence of barotrauma) occur only in very low numbers.
Recently, it has been suggested that the hue of the windmill blades could be an important issue that needs further study (Long et al. 2010) . Their color and the ultraviolet spectrum elicited may affect the attraction of insects to the blades. Moreover, it is known that some insects show a preference for certain colors, and this could attract them to the blades with foraging bats following them, although this may be applicable only for crepuscular feeding bats. Also blades painted white will reflect moon light, and may attract insects along with foraging bats, much as street lights do.
Another important issue that needs to be explored is the sound environment of the spinning blades (Georgiakakis et al. 2012) . Much is known about the frequency range of echolocation signals in many species of bats (Orozco-Lugo et al. 2013) . However, this remains unstudied in most species. It may be possible to find sound frequencies that would repel bats from spinning turbines (Arnett et al. 2013a) . A more feasible approach might be to have the revolving blades emit sounds that the bats could hear, even if not repellent. The current broadband ultrasound broadcasts can mitigate bat fatalities. However, these occur only at low frequencies, and further experimentation is needed (Arnett et al. 2013a ).
Where feasible, the siting of wind farms along sea coasts both in the littoral zone and in adjacent off shore areas may greatly reduce, but not eliminate, their impact on bats, but perhaps not on birds. However, on the coastlines of Sweden, Germany, and France bat mortality is higher than in inland areas (Rydell et al. 2010) . Other situations that need to be avoided are those near peninsulas and between the mainland and islands that could be flyways (Traxler et al. 2004) . Coastal areas also have strong and reliable winds for electricity generation. In the United States, the coasts of North Carolina on the Atlantic Ocean and San Francisco on the Pacific Ocean are considered to be between "outstanding" and "superb" for wind farms (NREL 2007) . Denmark is also making extensive use of coastal sites for placement of wind turbines. Where possible, coastal placement of wind farms should avoid known migration routes for bats and birds.
Another technical recommendation is to support policies that would encourage or require wind farm operators to install available improvements in their equipment that result in enhanced electricity generation and that also have a repellent system that reduces bat fatalities. Such combinations would allow fewer wind turbines to generate the same or more power. If these improvements also required fewer blades per turbine, wind farms could become less dangerous for bats and birds as there would be fewer lethal collisions per unit of power generated. Additionally, such efficiency improvements would compensate for any required reductions in power production instigated to reduce negative impacts on bats and birds. Current efforts to improve power production at slow wind speeds will have the disadvantage of reducing incentives for increased wind speed cut-off rates.
With all of the uncertainties inherent in new technologies, it is essential that once a wind farm has been put into operation, it should be regarded as an adaptive management project. That is, various monitoring routines need to be established in order to steadily improve the service provided. For any given site it is necessary to know how variables such as air temperature, wind speed, moonlight, and bat activity levels are related. Such knowledge can then be used to reduce bat mortalities. Amorim et al. (2012) demonstrate how air temperature can be used in this way in Portugal. Towers with anemometers need to be placed at various heights (such as 15, 30, and 60 meters) that can monitor height-related wind speeds at various locations within the farm and over the seasons of the year. Simultaneously, ultrasound detectors could be placed at the same heights to record bat activity levels. Then it would be possible to relate bat activity levels with wind speeds as well as season, height above the ground, and various topographic and vegetation variations within the site. There may very well be wind speeds, seasons, or blade heights that would dictate shutting down particular wind turbines at times of heightened bat activities. These data need to be used for this purpose. Moreover, such data would also be very helpful if a wind farm were to be expanded, or new sites developed nearby.
A critically important form of monitoring is the recording of mortalities caused by collisions with the wind turbine blades. We recommend that an independent investigator, not someone from the wind farm administration, conduct regular episodes of intensive monitoring, perhaps with trained dogs (Mathews et al. 2013 ) to search for corpses of different vertebrate species that have been killed by the blades. The suggested methodology is to follow a path removing all existing corpses from the census area, and then conduct a multiday survey. Ideally, each survey would be performed two times per day. The first, made at sunrise, to locate the corpses that were killed in the nocturnal period (mainly bats). The second would be carried out at sunset to determine those killed during the day (especially birds). Performing these two surveys daily is intended to access the corpses before the scavenger species (mammals, birds and insects) remove them. Such a protocol of intense monitoring could then be repeated monthly for a few days or at various seasons when bats are active in the area.
Because adaptive management efforts require knowing the identity of the species killed, we suggest that the corpses found within the wind farm area that cannot be identified confidently to species be identified by using genetic methods such as the barcode of life (Álvarez-Castañeda et al. 2012) . We propose this technique because it is available in many institutions, and only needs a very small fragment of the corpse to make a species identification. Moreover, genetic identification is fast, low cost, and reliable for identification of small fragments in poor condition, and they are not dependent on the availability of multiple specialists for different taxonomic groups. Of course if wind farm management has access to someone skilled in local bat identification, this would make genetic methods unnecessary except in problematic cases.
In this relatively early stage of wind power electricity generation, but with the signs of concomitant serious impacts on bat populations already being clear, it is imperative that this is the time to incorporate bat protection into wind farm design and placement. While we aim to reduce bat fatalities, other objectives such as increasing the efficiency of power generation and reducing bird mortality must be addressed as well. Massive growth in the use of wind power to help meet the needs of humans for electricity is about to happen. With any growth scenario, it is obvious that the installed capacity of wind farms will increase significantly worldwide ( Table 1) . As a consequence the same proportional increase in bat fatalities can be anticipated if mitigation measures are not widely adopted. In addition, we must consider the effects of other human causes of bat mortality, such as closing abandoned mines, disturbance to caves, forest fires, pesticides, domestic cats, road kills, white-nose syndrome, etc. Now is the time to seriously research methods for mitigation of the direct negative effects of wind farms on bats (and birds), with their inevitable indirect influences on ecosystem services important to humans. To achieve improved coexistence we need to address these problems with the skills of the engineer, ecologist, and bat biologist, and in general to acquire a better understanding of the life histories of bats throughout the world. This is a formidable undertaking, which is all the more reason to not delay our efforts. Highest priorities should be given to determining the local bat community at each wind farm site, and to monitoring fatalities in relation to associated data on season, weather, and local vegetation features. 
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